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Abstract Eight months (June 2011 to January 2012) of aerosol property data were obtained at the remote
site of Alborán Island (35.95°N, 3.03°W) in the western Mediterranean basin. The aim of this work is to assess
the aerosol properties according to air mass origin and transport over this remote station with a special focus
on air mass transport from North Africa. For air masses coming from North Africa, different aerosol properties
showed strong contributions from mineral dust lifted from desert areas. Nevertheless, during these desert
dust intrusions, some atmospheric aerosol properties are clearly different from pure mineral dust particles.
Thus, Angström exponent α(440–870) presents larger values than those reported for pure desert dust
measured close to dust source regions. These results combine with α(440, 670)� α(670, 870) ≥ 0.1 and low
single scattering albedo (ω(λ)) values, especially at the largest wavelengths. Most of the desert dust intrusions
over Alborán can be described as a mixture of dust and anthropogenic particles. The analyses support that
our results apply to North Africa desert dust air masses transported from different source areas. Therefore, our
results indicate a significant contribution of fine absorbing particles during desert dust intrusions over
Alborán arriving from different source regions. The aerosol optical depth data retrieved from Sun photometer
measurements have been used to check Moderate Resolution Imaging Spectroradiometer retrievals, and
they show reasonable agreement, especially for North African air masses.

1. Introduction

During recent decades, an enormous effort has been made to determine the effects of atmospheric aerosols
on climate. However, due to their large spatiotemporal variability and the variety of aerosol mixtures, there
are still significant uncertainties about understanding aerosol optical and microphysical properties, which
result in uncertainties about the effects of atmospheric aerosols on climate via radiative forcing
[Intergovernmental Panel on Climate Change, 2013].

The Mediterranean Basin is of special interest for the study of atmospheric aerosols due to its strategic
geographic location surrounded by continents with different surface characteristics. Due to its geography,
local winds, complex coastlines, and orography have strong influences on the Mediterranean atmospheric
flow. For this reason, numerous studies have been conducted over its Western area [e.g., Smirnov et al., 1995;
Silva et al., 2002 and Pereira et al., 2011; Lyamani et al., 2006a; Toledano et al., 2007; Estellés et al., 2007;
Cachorro et al., 2008; Prats et al., 2008; Valenzuela et al., 2012a, 2014], in the central Mediterranean [e.g., Pace
et al., 2006; Tafuro et al., 2006;Meloni et al., 2006, 2008; Di Biagio et al., 2009; Perrone and Bergamo, 2011], and
in the Eastern Mediterranean [e.g., Smirnov et al., 1995; Gerasopoulos et al., 2003, 2006, 2009; Kaskaoutis et al.,
2011]. The western Mediterranean basin receives different aerosol types, including desert dust from arid
zones of the African continent, anthropogenic aerosols from industrialized areas in Europe, and marine
aerosols from the North Atlantic Ocean and the Mediterranean Sea [e.g., Lyamani et al., 2006a; Pace et al.,
2006; Gerasopoulos et al., 2009]. The seasonal distribution of the different atmospheric aerosol types in the
Mediterranean Basin is controlled by local, regional, synoptic, and large-scale circulation [e.g., di Sarra et al.,
2001]. Furthermore, anthropogenic particles emitted from the intense ship traffic in the Mediterranean Sea
represent an additional source [e.g., Viana et al., 2009; Pandolfi et al., 2011; Becagli et al., 2012]. Ship emissions
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have become an important source of air pollution in the Mediterranean Basin, and it is foreseen that in the
future, this pollution source will even exceed other aerosol sources over land [Cofala et al., 2007].

Aerosol properties clearly depend on the aerosol origin. Thus, when air masses are transported from North
African to the Mediterranean Basin, high aerosol optical depths and low Angström exponents are often
observed [e.g., Pace et al., 2006]. The cleanest atmospheric conditions in the Mediterranean Basin, which are
characterized by low aerosol optical depth, are usually found when air masses are advected from the North
Atlantic Ocean [e.g., Pace et al., 2006; Toledano et al., 2007; Gerasopoulos et al., 2009; Toledano et al., 2009]. In
this sense, Lyamani et al. [2014] found that clean maritime conditions were observed over Alborán Island on
40% of the analyzed days with aerosol optical depth (AOD) (500 nm)< 0.15 and α is lower than 1 for North
Atlantic Ocean air masses.

Aerosol optical properties at their origin, as issued by the sources, are influenced by potential changes during
transport as well as by the local aerosol properties at the reception site [e.g., Hand et al., 2010; Bauer et al.,
2011]. Thus, it is highly interesting to study the transport of atmospheric aerosols from North Africa to Europe
to understand their potential mixing with anthropogenic fine aerosols and to quantify changes in reference
to their desert origin.

Backward trajectory analysis is a well-known technique to link air mass origin (and/or pathway) with
aerosol optical properties at the receptor site [e.g., Pace et al., 2006; Estellés et al., 2007; Xia et al.,
2007; Toledano et al., 2009; Kaskaoutis et al., 2011; Rozwadowska et al., 2010; Gerasopoulos et al., 2011;
Valenzuela et al., 2012a]. The analysis of backward trajectories provides objective interpretations
related to the source regions, residence times over each region and different circulation patterns
(curvature and length) of air masses. Even taking into account that the accuracy of backward
trajectories shows position errors of up to 20% of the travel distance [Stohl, 1998], trajectories are a
useful tool to study the circulation patterns of air masses.

Aerosol characterization on small islands is of great interest because it can provide information on aerosol
properties over relatively large scale transport [e.g., Di Biagio et al., 2009]. In this sense, several authors have
monitored aerosol optical and microphysical properties in remote places [e.g., Dubovik et al., 2002 and
Toledano et al., 2011; Pace et al., 2006 and Meloni et al., 2006]. Many efforts are being made to characterize
aerosol types and aerosol long-range transport over sea and ocean remote areas from ground-based
measurements, leading to the setup of the Maritime Aerosol Network (MAN) as part of the Aerosol Robotic
Network (AERONET) network [Smirnov et al., 2009]. However, the absence of continuous measurements
provided by the MAN network can be replaced by measurements on remote islands, which can act as
permanent platforms to characterize aerosol properties that are generally unaffected by local anthropogenic
sources. Additionally, ground-based stations on these islands, where the albedo of the surrounding surface is
homogeneous, can provide appropriate platforms to validate satellite measurements, helping to improve the
accuracy of satellite retrieval techniques at regional scales. Alborán Island, located between the North African
coast and the Southern Iberian Peninsula, offers an appropriate location to perform studies focused on the
characterization of aerosol optical and microphysical properties advected from different areas (Europe,
Africa, and North Atlantic Ocean) or for the validation of satellite data.

The main objective of this work is to analyze the columnar aerosol optical and microphysical properties over
Alborán Island (35.95°N, 3.03°W) according to the air masses affecting the region. Using data gathered from
June 2011 to January 2012, we put special emphasis on air masses coming from North Africa to assess the
contribution of anthropogenic fine particles during desert dust events. In addition, due to its reduced
dimensions and the homogeneous albedo of the surrounding surface, we compare the aerosol properties
obtained by Sun photometer over Alborán Island with Moderate Resolution Imaging Spectroradiometer
(MODIS) data. It is worth noting that in this work we use sky radiance measurements in the principal plane
configuration, which enlarge the data set of atmospheric aerosol properties in combination with the analysis
of measurements in the almucantar plane.

2. Experimental Site and Instrumentation

The remote Alborán Island (35.95°N, 3.01°W, 15m above sea level) is located 90 km from the Southern Iberian
Peninsula and 50 km from the Northern African coast (Figures 1a and 1b). In this region, summers are usually
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dry and hot due to the influence of the atmospheric subtropical high-pressure belt [e.g., Sumner et al., 2001].
During winter, the subtropical high shifts south, allowing midlatitude storms to enter the region from the
Atlantic, and bringing enhanced amounts of rainfall to the Mediterranean. Anomalous torrential rainfalls
occur during this season in response to severe storms that are generated locally by extreme atmospheric
convective overturn [e.g., Romero et al., 1999]. Alborán is an uninhabited island without local sources of
anthropogenic aerosol, such that background conditions are driven by the marine aerosol contribution;
however, the island is just south of an important shipping route that could contribute to anthropogenic fine
particles over the island. Due to its small size, with an area of 0.072 km2, and to its strategic location, Alborán
Island constitutes an ideal station to characterize aerosol optical and microphysical properties advected from
different areas (Europe, Africa, and North Atlantic Ocean).

The measurements were recorded by a Cimel Sun photometer (Cimel CE-318-4) operated as part of the
AERONET network [Holben et al., 1998] on the roof of a military complex on Alborán Island from June 2011 to
January 2012. This instrument has eight channels covering the spectral range 340–1020 nm for direct Sun
measurements and four channels (440, 670, 870, and 1020 nm) for sky radiances collected in the almucantar
and principal plane configurations. Direct Sun measurements are performed every 15min, while sky
radiances measurements depend on an optical air mass protocol.

The Sun photometer was calibrated by the AERONET-EUROPE team (http://aeronet.gsfc.nasa.gov), and a linear
rate change was assumed for the calibration coefficients. To enlarge the data set of atmospheric aerosol
properties, we have applied our own procedures to retrieve aerosol optical depth (AOD) and aerosol
microphysical properties (from the inversion of both almucantar and principal plane radiance measurements),
which are summarized in section 3 and explained in more detail by Valenzuela et al. [2012c].

a)

b)

Figure 1. (a) Geographic location and (b) image of Alborán Island.
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3. Methodology
3.1. Sun Photometer

Direct Sun measurements are used to
retrieve the spectral aerosol optical
depth at the eight spectral channels
from 340 to 1200nm and the
Angström exponent (440–870nm).
The methodology was described in
detail by Alados-Arboledas et al.
[2003, 2008]. The total ozone column
over the study site was provided by
the Ozone Monitoring Instrument on
board the AURA satellite (http://aura.
gsfc.nasa.gov/instruments/omi.html).

The applied inversion algorithm
uses the almucantar and principal
plane sky radiances measured by
the Cimel instrument [Olmo et al.,
2006, 2008; Valenzuela et al., 2012c].
The original Nakajima inversion

method [Nakajima et al., 1996] has been adapted to consider nonspherical particles. Taking into account
this procedure, a wide set of optical and microphysical aerosol parameters were derived, such as the columnar
aerosol size distribution, single scattering albedo, and asymmetry parameter. A detailed description of this
inversion method (a cloud screening algorithm, accuracy of individual retrievals, and a sensibility test) can be
found in Valenzuela et al. [2012b, 2012c].

3.2. Air Masses Classification Over Alborán Island

In this work, a set of air mass back trajectories arriving at Alborán Island has been generated using a
HYSPLIT_4.9 model including vertical winds [Draxler and Rolph, 2003]. We used 5 day backward trajectories
with endpoints at 12:00 UTC over Alborán Island at three different levels, 500, 1500 and 3000m above ground
level, using the Global Data Analysis System meteorological data. To associate the aerosol radiative
properties with specific regional influences, we have classified the air mass backward trajectories, taking into
account potential aerosol origin sources. To identify possible aerosol source sectors, we assume that the
aerosol particles are confined into the boundary layer at the source region and that the air mass is laden with
aerosol particles when its altitude (h) is lower or closer to the altitude of the boundary layer (h′). The
geographical sector where this condition is fulfilled along the trajectory is identified as the source of the
detected aerosol. If the entrainment condition is fulfilled at more than one point, the geographical
position selected as the potential source of aerosol particles is that in which the absolute difference
between h and h′ is the lowest. Three regions, the Central Europe-Mediterranean Sea sector, the North
African sector, and the Atlantic Ocean and Iberian Peninsula sector, have been identified as potential
source regions of aerosols, as displayed in Figure 2. This method has been broadly used to identify
aerosol sources (e.g., Pace et al. [2006], Petzold et al. [2008] in Morocco, and Valenzuela et al. [2012b]).
During the study period, the most frequent air masses affecting Alborán Island originated on the
Atlantic/Iberian Peninsula (48% of the cases) and from North African sectors (31% of the cases). Most
of the African desert dust intrusions over Alborán Island were favored by a high pressure (observed
from sea level to 700 hPa) centered north of Argelia, with an associated high pressure over the
western African continent. In contrast, Atlantic/Iberian Peninsula air masses over Alborán Island were
favored in most cases by two synoptic situations, a low pressure over the Iberian Peninsula associated
with high pressure (observed from sea level to 700 hPa) centered over the Atlantic Ocean and an
anticyclone over the North Atlantic Ocean associated with high pressure over the Mediterranean
Sea. The most frequent meteorological scenario related to the air masses transport from the
European/Mediterranean sector was a low pressure centered over northwestern Africa and a high
pressure (observed from sea level to 850 hPa) centered over central Europe (figure not shown).

Figure 2. Different source regions are split into three sectors (European/
Mediterranean, North African, and Atlantic/Iberian Peninsula sectors).
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3.3. MODIS

The Moderate Resolution Imaging
Spectroradiometer (MODIS) on board the
Terra and Aqua satellites is part of NASA’s
Earth Observing System (EOS) mission. The
Terra satellite (EOS AM-1) crosses the equator
daily at 10:30 A.M., moving south (descending
mode), while Aqua (EOS PM-1) crosses the
equator daily at 01:30 P.M. LT (local time) as it
moves north (ascending mode). The MODIS
sensor provides aerosol properties on a daily
basis every 1–2 days, with a repetition cycle of
16 days. The sensor has 36 spectral channels
from visible to infrared wavelengths (410 to
15,000 nm). Data are acquired with three
spatial resolutions (250, 500, and 1000mpixel
size at the nadir), depending on the spectral
band [e.g., Ichoku et al., 2004]. Two different
algorithms (one over land and one over
ocean) are applied due to the different
surface properties [e.g., Remer et al., 2005;
Kaufman et al., 1997; Tanré et al., 1997; Levy
et al., 2005].

MODIS/Aqua and MODIS/Terra level 2 data
(Collection 0051) are used in this study.
MODIS level 2 data provide global AOD
over land and ocean at a spatial resolution
of 10 × 10 km. AOD at 550 nm over ocean
data are used in this work. The prelaunch
uncertainty (theoretical error) of the MODIS
AOD is ±0.03± 0.05 (AOD) over the ocean [e.g.,
Chu et al., 1998, 2002; King et al., 1999; Remer
et al., 2002].

4. Results and Discussion
4.1. Aerosol Optical and Microphysical
Properties According to Source Regions

A total of 5996 cloud-free measurements
(158 days) were performed from June 2011 to
January 2012. Figures 3a and 3b show the
temporal evolution of the daily mean values
of AOD (440 nm) and the Angström exponent,
α(440–870 nm), taking into account the

aerosol source sectors. High AOD associated with low α values (e.g., 30 June and 1–3 and 9 August) were
found when air masses were transported from the North African sector, indicating large contributions of
coarse particles to aerosol loading. From summer (July/August) to autumn (September/October), the AOD
values decreased while α increased for the North African sector. A lower predominance of coarse particles
(desert dust contributions) is evident for several days in September and October. During the whole period,
the mean AOD (440 nm) for the North African sector was 0.38 ± 0.13, which is comparable to that found
by Pace et al. [2006] and Meloni et al. [2007] during desert dust events over Lampedusa Island (Table 1).
The mean AOD value for the North African sector was also close to that reported by Toledano et al. [2009]
in “El Arenosillo,” African dust episodes that occurred in southwestern Spain from 2000 to 2004 (Table 1).
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Figure 3. Temporal evolution of daily mean: (a) AOD (440 nm) and
(b) α(440–870 nm) values over Alborán Island according to the
aerosol origin classification. (c) Correlation between AOD (440 nm)
and α(440–870 nm) for each origin sector.
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At Alborán Island, the mean α(440–870nm) value for the North African sector was 0.6± 0.2, comparable to that
of 0.6± 0.4 found by Toledano et al. [2009] during Saharan dust events over southwestern Spain. The mean
α(440–870nm) value retrieved in our study during desert dust intrusions was slightly higher than the reported
value for pure dust aerosols (approximately 0.3 or lower) near dust source regions [Tesche et al., 2009]. However,
the mean α(440–870nm) value obtained here was similar to that obtained in Ras El Ain during the SAMUM
experiment (mean α(440–870nm) value of 0.58) for a mixture of dust and fine particles [Toledano et al., 2009].
This suggests a mixing of desert dust with fine particles or a reduction in the mean particle size during dust
transport to Alborán, which is likely associatedwith the deposition of the largest dust particles. Furthermore, we
analyze key aerosol parameters, such as fine-mode fraction and single scattering albedo, to evaluate whether
desert dust observed over Alborán was mixed with fine particles from other origins.

In contrast to air masses from the North African sector, air masses transported from the Atlantic/Iberian Peninsula
sector showed low mean AOD (440nm) (0.15±0.08) and relatively high mean α(440–870nm) (1.1±0.4)
values. The α(440–870nm) values obtained for this sector ranged from 0 to 2, indicating different atmospheric
situations dominated by different aerosol types (coarse particles, fine aerosols, and different mixtures of both
coarse and fine particles). The Atlantic air masses passed over the Iberian Peninsula before reaching Alborán,
and thus, emissions from urban-industrial areas in the Iberian Peninsula could contribute to the observed large
variability in α(440–870nm) for this sector. Furthermore, part of this variability may be attributed to the large
uncertainty in the α(440–870nm) parameter for low AOD [e.g., Holben et al., 1998; Wagner and Silva, 2008].

A mean AOD (440 nm) value of 0.27 ± 0.12 associated with a relatively large mean α(440–870 nm)
value of 1.2 ± 0.3 was observed when air masses were transported from the European/Mediterranean
sector. The transport of the air masses from this sector occurred mainly in autumn (Figure 3a). The AOD
(440 nm) and α(440–870 nm) values obtained in this sector indicate a predominance of fine-mode
aerosol particles during aerosol transport from this sector.

Due to its location, marine aerosol is expected to be one of themajor components of background conditions on
Alborán Island. However, on some days, maritime aerosol over Alborán can be masked by aerosols transported
from the European and African continents, although it is present in the boundary layer during the entire
measurement period. According to Smirnov et al. [2002], “pure maritime” aerosol conditions are characterized
by low aerosol loads and Angström exponents (AOD< 0.15 and α(440–870)< 1). In this sense, pure maritime
situations associated with AOD< 0.15 and α(440–870)< 1 were found only in the Atlantic/Iberian Peninsula
category (Figure 3). We found that only 33% of the data included in the Atlantic/Iberian Peninsula category
(40% of all data) were associated with pure maritime situations.

The scatterplot of α(440–870nm) versus AOD is a useful tool to identify different aerosol types. Whereas AOD
mainly depends on the aerosol load, α(440–870nm) is related to the size of the predominant aerosol [e.g.,
Kaufman et al., 1998; Eck et al., 1999; Smirnov et al., 2000; Dubovik et al., 2002; Pace et al., 2006; Toledano et al.,
2007; Prats et al., 2008]. Figure 3c shows three main clusters of particles corresponding to the three aerosol
source regions considered. There were clear differences between the aerosol properties of the atmospheric
aerosols transported by the different air masses considered in our classification scheme (Figure 3c). As seen
in Figure 3c, a large amount of data in the Atlantic/Iberian Peninsula category showed AOD values below
0.2, with α(440–870nm) values ranging from 0.5 to 1.7, indicating different atmospheric background conditions
dominated by different aerosol types (coarse particles, fine aerosols, and different mixtures of both coarse and
fine particles). On the other hand, some cases with AOD higher than 0.3 (5%) were also observed when air mass
was transported from the Atlantic/Iberian Peninsula sector. These cases are probably associated with drastic

Table 1. Comparison of Aerosol Optical Properties With Those Obtained in Other Locations

Authors Air Masses Origin AOD(±SD) α(±SD) Location

Pace et al. [2006] North Africa 0.36 ± 0.16 at 495.7 nm 0.4 ± 0.4 at 415.6–868.7 nm Lampedusa Island, Italy
Pace et al. [2006] Central-Eastern Europe 0.23 ± 0.11 at 495.7 nm 1.5 ± 0.4 at 415.6–868.7 nm Lampedusa Island, Italy
Meloni et al. [2007] North Africa 0.35 ± 0.01 at 500 nm 0.30 ± 0.02 at 415.5–868.5 nm Lampedusa Island,Italy
Toledano et al. [2009] North Africa 0.35 ± 0.19 at 440 nm 0.6 ± 0.4 at 440–870 nm El Arenosillo, Spain
This study North Africa 0.38 ± 0.13 at 440 nm 0.6 ± 0.2 at 440–870 nm Alborán Island, Spain
This study European/Mediterranean 0.27 ± 0.12 at 440 nm 1.2 ± 0. 3 at 440–870 nm Alborán Island, Spain
This study Atlantic/Iberian Peninsula 0.15 ± 0.08 at 440 nm 1.1 ± 0. 4 at 440–870 nm Alborán Island, Spain
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change in air masses on these days or with
the significant contribution of emissions
from urban-industrial areas or occasional
forest fires on the Iberian Peninsula. Air
masses from the North African sector
exhibited a predominance of high AOD
linked to low α(440–870nm), indicating large
contributions of coarse particles during
transport from the African continent. It is
worth mentioning that a small amount of
data included in the North African category
showed α(440–870nm) values close to 1 or
slightly larger than 1, suggesting a relevant
contribution of fine particles during these
cases. The European/Mediterranean sector
yielded AOD values in the range 0.2–0.6 with
α(440–870nm) mainly above 1, typical of
fine-mode aerosol from urban/industrial
activities [Dubovik et al., 2002].

In view of the results obtained in this first
analysis, the aerosol optical properties
observed over Alborán depended on the
air mass types affecting the site study.
Therefore, a detailed analysis of optical
properties based on air mass origin is
presented in the following paragraphs.

The fine-mode fraction of AOD (η) is a
useful parameter for distinguishing aerosol
types and mixtures from Sun photometer
measurements. Thus, to discriminate
different aerosol types using η parameter,
we used the simple graphical method
proposed by Gobbi et al. [2007]. This
technique has been proven to be very
robust for tracking and characterizing
mixtures of pollution aerosol and mineral
dust [Gobbi et al., 2007; Basart et al., 2009].
This method gives a first approximation of
the fine-mode fraction (η) and fine modal
radius (Rf ) and thus allows us to quantify
the contribution of fine-mode particles to
AOD using a single approach that does
not require complex microphysical retrieval.
Furthermore, this technique allows us to
separate AOD increases due to the increase
in coarse particle contribution from AOD
increases due to fine particle growth by
coagulation and/or humidification [Gobbi
et al., 2007; Basart et al., 2009]. We have used

the AOD (670 nm) to classify aerosol properties as a function of α(440–870 nm) and its spectral curvature,
represented by δα= α(440, 670) � α(670, 870). The Angström parameter usually remained below 1. Kaufman
[1993] established that strong negative values ranging from �0.5 to �0.3 indicate the dominance of aerosol
fine mode. Basart et al. [2009] found that when dominated by coarse aerosol particles, such as desert dust,
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Figure 4. Angström exponent difference, δα = α(440, 670) � α(670,
870), as a function of α(440–670) and AOD (670 nm) for (a) European/
Mediterranean sector, (b) Atlantic/Iberian Peninsula sector, and
(c) North African sector . Solid lines represent the fine-mode
radius, and dashed line represents the contribution percentage
of fine-mode fraction to the aerosol optical depth.
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δα tends to be negative or slightly positive, with values in the range of �0.3 to 0.1. Values of δα larger than
0.1 indicate the contribution of fine-mode fractions and coarse-mode fractions in the calculation of AOD.
Gobbi’s diagrams, classified by sectors, are shown in Figure 4. For this computation, we have only employed
values of AOD (670 nm)> 0.15 to avoid errors in α(440–870 nm) larger than 30% [Gobbi et al., 2007]. Air
masses from the Atlantic/Iberian Peninsula sector showed a large number of observations with AOD
(670 nm) lower than this threshold, which were not included in Gobbi’s diagram.

For the European/Mediterranean sector (Figure 4a), the increase in AOD is linked to a shift to larger
α(440–870 nm) values with more negative δα, indicating an increase in the fine-mode contribution
for larger AODs. In this sense, there was a small group of data in the upper range of α(440–870 nm)
and the lowest range of δα (1.3 ≤ α(440–870 nm) ≤ 1.7 and �0.1 ≤ δα ≤�0.3) presenting large
extinction (AOD >0.3), which corresponds to 0.80% ≤ η ≤ 90% and rf ~ (0.10–0.13 μm). Thus, these
cases were associated with a strong contribution of fine particles with rather small fine-mode radius,
which could be related to the influence of anthropogenic fine particles emitted in polluted European
areas and the Mediterranean Sea [e.g., Pace et al., 2006].

Figure 4b shows that different aerosol types (size and aerosol load) were associated with the Atlantic/Iberian
Peninsula sector because δα ranged from �0.25 to 0.3, indicating that some cases were dominated by large
particles, likely sea salt, others by fine anthropogenic particles originating from the Iberian Peninsula and the
rest by a mixture of these two aerosol types. The group of observations with α(440–870nm) values ranging
from 0.25 to 0.75, which corresponds to η ≤ 40% and 0.15≤ rf≤ 0.20μm, could be related to coarse particles,
likely sea salt originating from the Mediterranean Sea.

The North African sector (Figure 4c) accounted for up to 95% of the observations with η< 50% and α< 1 with
δα between�0.16 and 0.25. For this category, the increase in AODwas associated with a shift of α(440–870nm)
to lower values, with δα close to zero, indicating an increasing contribution of coarse particles to the total
AOD. Basart et al. [2009] showed that “pure mineral” dust particles present δα≤ 0, α(440–870nm)< 0.3, and
η< 40%. In our case, only a few data points associated with AOD >0.35 corresponded to pure mineral dust
particles. However, there were significant cases with δα ≥0.1, α(440–870nm)< 1 and η< 50%, which were
associated with the mixture of coarse mineral dust with fine-mode particles [Basart et al., 2009]. The small
group of observations with η> 50% and 0≤ δα could be explained by the significant contribution of fine
particles to total AOD in these dusty cases. These fine particles were possibly associated with anthropogenic
particles originating in urban-industrial areas in North Africa that were advected with desert dust particles
[e.g., Rodríguez et al., 2011] or with anthropogenic fine particles from ship emissions and/or from polluted
European regions. Finally, in the North African sector, unlike the other two sectors, we observed that the fine
particles mode experienced growth processes as indicated by the increase in the radius of the fine mode

Table 2. Spectral Single Scattering Albedo at 440 and 1020 nm Wavelengths for Each Aerosol Origin Sector

Authors Air Masses Origin
ω(440 nm)

(±SD)
ω(1020 nm)

(±SD) Location

Dubovik et al. [2002] Desert dust 0.93 ± 0.01 0.99 ± 0.01 Cape Verde
Dubovik et al. [2002] Urban-industrial and mixed 0.90 ± 0.02 0.83 ± 0.02 Mexico City,

Mexico
Dubovik et al. [2002] Urban-industrial and mixed 0.94 ± 0.03 0.91 ± 0.03 Paris, France
Dubovik et al. [2002] Urban-industrial and mixed 0.91 ± 0.03 0.84 ± 0.03 Maldives
Lyamani et al. [2006a, 2006b] Dust and anthropogenic aerosol

mixed
0.89 ± 0.02 0.88 ± 0.02 Granada, Spain

Lyamani et al. [2006a, 2006b] European/Mediterranean 0.92 ± 0.02 0.84 ± 0.02 Granada, Spain
Valenzuela et al. [2012b] Dust and anthropogenic aerosol

mixed
0.89 ± 0.03 0.91 ± 0.03 Granada, Spain

This study Desert dust 0.88 ± 0.03 0.91 ± 0.03 Alborán Island,
Spain

This study European/Mediterranean 0.86 ± 0.03 0.84 ± 0.05 Alborán Island,
Spain

This study Atlantic/Iberian Peninsula 0.88 ± 0.03 0.85 ± 0.05 Alborán Island,
Spain
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withincreasing AOD, as seen in Figure 4c. In fact, for
0.2<AOD< 0.25, the fine-mode radius was found
to be approximately 0.12μm, while for AOD> 0.4,
the fine-mode radius increased up to 0.2μm.

Table 2 presents the average values and
corresponding standard deviations of ω(λ) at the
440 and 1020 nm wavelengths obtained for the
three aerosol origin sources over the entire
measurement period. The retrieved ω(λ) for each
aerosol sector origin showed large variability, as
indicated by the associated standard deviations
(Table 2). This large ω(λ) variability could be
related, in part, to the different mixtures of
different aerosol types and to the degree to which
each aerosol component contributed to the
aerosol load in each sector category, depending
on the residence time and the altitude of the
transported air mass over the source sector. It is
worth noting that the ω(440 nm) values were
almost similar for the three aerosol sector sources
(Table 2). The small differences in ω(440 nm)
among the various aerosol categories associated
with the different source regions can represent the
advantage in satellite retrievals of AOD at shorter
wavelengths of the visible range, because single
scattering albedo must be assumed a priori in
many satellite retrieval algorithms [e.g., Eck et al.,
2010]. The spectral dependence of ω(λ) obtained
for both the European/Mediterranean and the
Atlantic/Iberian Peninsula sectors was significantly

different to that obtained for the North African sector (Figure 5a). As seen in Figure 5a, ω(λ) decreased with
increasing wavelength for the European/Mediterranean and the Atlantic/Iberian Peninsula sectors, which is
an indication of less scattering at longer wavelengths related to a reduction in the contribution of coarse
particles for these sectors. This spectral dependence of ω(λ) is a feature of anthropogenic and biomass
burning particles [e.g., Dubovik et al., 2002; Lyamani et al., 2006a, 2006b]. The mean ω(λ) values obtained for
the European/Mediterranean sector were slightly lower than those obtained for the Atlantic/Iberian
Peninsula sector, indicating a slightly larger contribution of absorbing particles (i.e., black carbon) during the
air mass transport from the European/Mediterranean sector than from the Atlantic/Iberian Peninsula sector.
The retrieved ω(λ) for the European/Mediterranean and Atlantic/Iberian Peninsula sectors were lower,
especially for shorter wavelengths, than the values reported by Dubovik et al. [2002] for urban-industrial
aerosols in Paris, Mexico City, and Maldives and were also lower than those obtained by Lyamani et al. [2006a,
2006b] in Granada, Spain, under anthropogenic pollution conditions during the severe 2003 summer heat
wave (Table 2). These results suggest that the aerosol mixtures over Alborán during the air mass transport
from the European/Mediterranean and the Atlantic/Iberian Peninsula sectors contained a significant fraction
of fine absorbing aerosol types (i.e., black carbon).

As expected, ω(λ) increased slightly with wavelength for the North African sector, which is a typical
characteristic of desert dust [e.g., Dubovik et al., 2002; Lyamani et al., 2006a, 2006b; Valenzuela et al., 2012b].
However, ω(λ) values obtained for the North African sector were lower, especially in the largest wavelengths,
than those reported for pure desert dust measured close to dust source regions and were similar to those
reported for dust mixed with anthropogenic particles (Table 2). In addition, ω(λ) values retrieved during
desert dust intrusions over Alborán (a site with no local anthropogenic sources) were similar or slightly lower
than those found by Lyamani et al. [2006a, 2006b] and Valenzuela et al. [2012b] during desert dust events
over Granada (a site with significant local anthropogenic sources). This result suggests a significant
contribution of anthropogenic absorbing fine particles to the total aerosol load during African dust intrusions
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Figure 5. (a) Single scattering albedo for European/
Mediterranean, North African, and Atlantic/Iberian Peninsula
sectors and (b) difference of ω(440 nm)�ω(1020 nm) versus
Angström exponent for three aerosol origin sources.
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over Alborán. The lowω(λ) values obtained for the North African sector were probably caused by the lifting of
fine anthropogenic absorbing particles (i.e., black carbon) during dust transport over North African
urban/industrial areas [Rodríguez et al., 2011] and/or to the coexistence over Alborán of desert dust and fine
absorbing particles emitted from ships or transported from urban-industrial European areas.

Derimian et al. [2008] used the difference betweenω(440 nm) andω(1020 nm) to discriminate aerosol types
in terms of aerosol absorption properties. This approach presents two advantages. First, it is expected that
the difference will provide better accuracy than absolute values, because the retrieval of spectral
dependence of ω(λ) is more reliable than that of an absolute value of ω(λ). Second, the spectral behavior of
ω(λ) can be characterized by only one parameter, dω=ω(440 nm)�ω(1020 nm). Negative values of dω are
related to greater scattering by coarse particles at 1020 nm and to less contribution by anthropogenic fine
particles, while positive values are related to the reduced scattering contribution of coarse particles and to
stronger absorption at 1020 nm by black carbon particles. Values of dω close to zero associated with
Angström exponent values in the range 0.5–1.0 are related to mixtures of coarse particles and pollution
[Derimian et al., 2008]. Figure 5b shows ω(440 nm)�ω(1020 nm) versus α(440–870 nm) for the three
aerosol categories considered in this study. This figure reveals that, in general, as α(440–870 nm) increased
from approximately 0.2 to approximately 1.8, the difference ω(440 nm)�ω(1020 nm) became positive and
larger, indicating a decreasing contribution of coarse dust particles and an increasing fraction of fine
absorbing particles for the three sectors. A significant amount of data corresponding to both the
European/Mediterranean and Atlantic/Iberian Peninsula sectors presented dω> 0 and α(440–870 nm)> 1,
indicating the significant contributions of fine absorbing particles (i.e., black carbon) and the reduced
contributions of coarse particles (dust or sea salt) in these cases. However, there was a small amount of data
in the European/Mediterranean and Atlantic/Iberian Peninsula sectors (2% and 9%, respectively) with
dω> 0 and α(440–870 nm)< 0.8, indicating mixed aerosol types in these cases. Given the relatively low
α(440–870 nm)< 0.8 and dω> 0, these small amounts of data may corresponded to a mixed aerosol type
(coarse and fine particles) containing a significant proportion of nonabsorbing coarse particles (sea salt)
and fine particles with considerable fractions of anthropogenic absorbing particles (i.e., black carbon). On
the other hand, there was also a small amount of data in the European/Mediterranean sector (16%) with
0.8< α(440–870 nm)< 1.3 and dω close to zero, which correspond to aerosol mixtures (with different
degrees of mixing) containing nonabsorbing coarse particles (sea salt) and fine particles with small
fractions of fine absorbing particles.

In contrast, the North African sector showed small number of data points (5%) with α(440–870 nm)< 0.3 and
dω<�0.025, which correspond to “pure” desert dust. However, a significant number of data points (60%) in
this sector presented dω values close to zero and α(440–870 nm) values in the range 0.5–1.0, which were
related to mixtures of coarse dust particles and fine pollution particles [Derimian et al., 2008]. Furthermore,
the North African sector also showed some data (25%) with dω> 0 associated with α(440–870 nm) values in
the range 0.8–1.2. These cases were related to aerosol mixtures (dust and fine particles) with significant
contributions of fine absorbing particles. These fine particles might have mixed with dust during desert dust
transport over urban-industrial North African areas, an explanation that has been suggested in previous
studies [e.g., Rodríguez et al., 2011]. However, the contribution of North African fine particle during dust
events over Alborán can be masked by anthropogenic fine particles accumulated over the Mediterranean
Sea, especially during summer when desert dust events and stagnation conditions are more frequent. The
mountainous terrain of the Iberian Peninsula to the north and the African continent to the south favor the
occurrence of stagnation conditions and the accumulation of anthropogenic fine particles in the western
Mediterranean region, as observed byMillán et al. [1996]. To investigate the possible role of the North African
fine particles during dust events observed over Alborán, in section 4.2, we analyze the dependence of aerosol
optical properties during these events on the different African dust source regions and dust
transport pathways.

4.2. Aerosol Optical Properties According to the Different Desert Dust Transport Scenarios

In our previous analysis, we showed that during North African desert dust events, the aerosol optical
properties retrieved over Alborán Island indicated that mineral particles were mixed with anthropogenic fine
aerosol. According to Rodríguez et al. [2011], air masses from the North African sector could transport,
depending on their transport pathways, anthropogenic particles emitted in North African urban-industrial
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areas together with the desert dust. To assess the possible role of these anthropogenic particles, we classified
the air masses transported from North Africa according to their origin and pathways. In this sense, we
have identified two main desert dust transport scenarios over Alborán: air masses which originated in
northwestern Africa and passed through the coast of the Atlantic Ocean (78% of the cases) and air masses
which originated in eastern Africa and traveled over the Mediterranean Sea (22% of the cases). It is interesting
to note that whereas air masses from northwestern Africa passed over several urban industrial areas along
the coast of Morocco, air masses originating in northeastern Africa reached Alborán Island without traversing
too many anthropogenic aerosol sources. A total of 1753 and 335 Sun photometer measurements were
performed in the northwestern African/Atlantic Ocean and the northeastern African/Mediterranean Sea
transport, respectively.

Frequency histogram plots for the AOD (440 nm) and α(440–870 nm) for the two desert dust scenarios are
shown in Figure 6. For the northwestern African/Atlantic Ocean scenario, the frequency histogram for AOD
(440 nm) (Figure 6a) showed a main peak at 0.39, with 84% of observations included in the range from
0.23 to 0.53. The frequency histogram of α(440–870 nm) (Figure 6c) presented one mode centered at ~0.5,
suggesting the predominance of coarse particles. However, up to 54% of the observations α(440–870nm)
showed values higher than 0.5, corresponding to the mixtures of dust with fine particles. For the northeastern
African/Mediterranean Sea scenario (Figure 6b), AOD presented a monomodal distribution centered at 0.38,
with 97% of the observations above 0.23. The frequency histogram of α(440–870 nm) (Figure 6d) showed
an absolute maximum centered at 0.6, with 70% of the observations in the narrow range from 0.65 to 0.85,
suggesting a relevant contribution of fine particles during these dusty cases [e.g., Derimian et al., 2008].
These results revealed that AOD and α(440–870) obtained at Alboran Island did not show significant
differences during the two main desert dust scenarios.

Figures 7a and 7b shows ω(λ) versus wavelength for α(440–870 nm)< 0.7 (situations dominated by coarse
aerosol) and for α(440–870 nm)>0.7 (cases with a significant fine particle contribution) for North African
transport scenarios. For α(440–870 nm)< 0.7 cases, ω(λ) increased slightly with wavelengths for both
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Figure 6. Frequency histograms of AOD at (a and b) 440 nm and (c and d) α(440–870 nm) for Northwestern (Figures 6a and
6c) and Northeastern (Figures 6b and 6d) air masses transported from North Africa.
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scenarios, which is a typical desert dust behavior. However, the increase of ω(λ) with wavelength was
weaker, and ω(λ) values obtained in both transport scenarios were lower than the values typically
observed for desert dust derived from Sun photometer measurements [e.g., Dubovik et al., 2002b],
indicating the significant absorbing aerosol contribution during both transport scenarios for α(440–870nm)< 0.7
cases. For α(440–870 nm)>0.7 cases, ω(λ) also decreased with wavelength during both transport scenarios,
suggesting again the relevant contribution of anthropogenic absorbing aerosols, such as black carbon
[e.g., Dubovik et al., 2002]. In general, we observed that ω(λ) values obtained during both transport scenarios

were very similar for both α(440–870nm)< 0.7
cases and α(440–870nm)>0.7 cases.

Therefore, as presented here, the aerosol
properties (namely AOD, α(440–870), and ω(λ))
did not show any significant changes depending
on the origin and transport pathway of the air
masses. According to these results, the influence
of anthropogenic fine particles originating
from the urban-industrial areas in the north of
Africa during desert dust outbreaks can be
assumed to be negligible, and the presence of
the anthropogenic fine mode observed in our
data can be attributed to a significant contribution
of fine particles from urban-industrial European
areas and/or ship emissions in the
Mediterranean region.

4.3. MODIS Validation

Satellite measurements, such as those from
MODIS, provide estimates of AOD that are
relevant for regional studies; therefore, they
could be very valuable in our study around
Alborán Island due to its strategic location.
A previous validation of MODIS AOD with our
Sun photometer data could be very useful to use
MODIS data for the classification of different
aerosol types in the absence of Sun photometer
data [e.g., Kahn et al., 2005, 2010; Remer et al.,
2002, 2005]. A detailed comparison of MODIS
AOD with our Sun photometer data is shown
in this section. Data provided by MODIS Terra
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versus the AOD at 550 nm obtained from the Sun photometer
for (a) Terra and (b) Aqua for each sector origin.
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and MODIS Aqua over Alborán are compared with Sun photometer data that coincide in time and
space. Only those MODIS overpasses included in a square box of 50 × 50 km centered over Alborán
(sea surface pixels) were considered for comparison. For the temporal statistical analysis, MODIS overpasses
within ±30min of the Sun photometer measurements were used in the comparison. A scatterplot of
the AOD at 550 nm provided by MODIS and the Sun photometer is shown in Figure 8. Ground-based AOD
at 550 nm was derived from the Sun photometer data at 500 and 670 nm using the Angström law.
The number of simultaneous satellite ground-based data points by platform was 108 for Terra and 107
for Aqua.

Linear regression analysis was performed for both data sets and for each sector. The correlation between
MODIS and Sun photometer AOD data was very high, with a coefficient of determination (R2) between 0.71
and 0.91 depending on the source region considered and the MODIS platform (Figures 8a and 8b). The MABE
(mean absolute bias error) parameter also indicated that the agreement was reasonably strong, especially
for the North African sector, which is associated with desert dust and higher AOD values (Tables 3 and 4).
Moreover, most of the AOD data obtained with the Sun photometer were within the MODIS-estimated
uncertainties (±0.03±0.05 (AOD) over ocean) (Figures 8a and 8b). In the case of Terra, the fraction of data
within MODIS-estimated uncertainties was approximately 65% for the European/Mediterranean and the
Atlantic/Iberian Peninsula sectors and increased to 80% for the North African sector. For Aqua, the fraction of
data within MODIS-estimated uncertainties was 70% for the Atlantic/Iberian Peninsula sector and 80% for
the North African sector. However, for the European/Mediterranean sector, this value drops to 45%.
Considering MODIS-estimated uncertainties, especially for AOD below 0.2, the values provided by the Sun
photometer for the European/Mediterranean sector were higher than the values obtained from MODIS.

The slopes of the linear fit between the MODIS and Sun photometer data show that AOD values derived from
MODIS underestimate the Sun photometer values during dust conditions (Figures 8a and 8b). The mean bias
error (MBE) ((AODMODIS � AODSun photometer)/AODSun photometer) confirms this underestimation, especially in
the European/Mediterranean and the Atlantic/Iberian Peninsula sectors (Tables 3 and 4). However, similar
studies performed using the ocean algorithm in coastal areas indicated that MODIS overestimates AOD in
dust cases and underestimates AOD values during dust-free periods [e.g., Santese et al., 2007; Bennouna et al.,
2011]. According to these results, the influence of land when applying the ocean algorithm in coastal areas
should be taken into account.

Our results show good agreement between AOD estimated fromMODIS using the ocean algorithm and AOD
retrieved from Sun photometer measurements and are in accordance with other validation studies [e.g.,
Ichoku et al., 2002; Levy et al., 2005; Glantz and Tesche, 2012]. The best agreement is found for cases classified
as originating from the North African sector, which presents large aerosol loads usually linked to the transport
of desert mineral dust particles. However, further analysis with more data points would improve the
representativeness of these results.

Table 3. Statistical Parameters of the Comparison Between MODIS/Aqua AOD Versus Sun Photometer AODa

N Slope R2 MABE (%) MBE (%)

European/Mediterranean air masses 43 0.88 ± 0.08 0.71 27.6 �27.6
North African air masses 26 1.11 ± 0.13 0.76 13.5 �7.1
Atlantic/Iberian Peninsula air masses 19 0.95 ± 0.07 0.91 33.5 �27.1

aMBE, mean bias error; MABE, mean absolute bias error.

Table 4. Statistical Parameters of the Comparison Between MODIS/Terra AOD Versus Sun Photometer AODa

N Slope R2 MABE (%) MBE (%)

European/Mediterranean air masses 17 0.75 ± 0.05 0.93 19.7 �18.7
North African air masses 30 0.97 ± 0.11 0.74 14.9 �3.3
Atlantic/Iberian Peninsula air masses 54 0.88 ± 0.08 0.71 32.8 �23.6

aMBE, mean bias error; MABE, mean absolute bias error.
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5. Conclusions

Eight months of observations (June 2011 to January 2012) of the aerosol optical andmicrophysical properties
were carried out at the remote Alborán Island in the western Mediterranean region. To our knowledge, this is
the first study over this region using Sun photometer measurements and inversion products in the almucantar
and principal plane configurations. Air masses affecting this area were classified according to three potential
aerosol source origins. AOD (440nm) showed high mean values (0.27± 0.12) associated with high mean values
of α(440–870nm) of 1.2± 0.3 for air masses transported from the European/Mediterranean sector. For this
sector, an increase in AOD(λ) was associated with a shift of α(440–870nm) toward larger values and more
negative δα values, indicating an increase in the fine aerosol fraction for larger AODs. The largest aerosol load
(mean AOD (440nm) of 0.38± 0.13) associated with the lowest mean value of α(440–870nm) of 0.6 ± 0.2 was
found for air masses originating from the North African sector. The mean α(440–870) value obtained in our
study during desert dust intrusions was slightly higher than the reported value for pure dust aerosols near dust
source regions and was similar to that obtained for a mixture of dust and fine particles. This result may suggest
a mixing of desert dust with fine particles or a reduction in the mean particle size during dust transport to
Alborán, due to the deposition of the largest dust particles. In most of the dust intrusions, αwas higher than 0.5
and δα≥ 0, indicating a significant contribution of fine particles to total AOD in these dusty cases. These fine
particles were possibly associated with anthropogenic particles originating in urban-industrial areas in North
Africa, which were advected with desert dust particles, or to anthropogenic fine particles from ship emissions
and/or coming from polluted European regions. The lowest aerosol load conditions during the whole
measurement period were found for the North Atlantic Ocean and Iberian Peninsula sector, with mean AOD
(440nm) values of 0.15± 0.08 and α(440–870nm) values of 1.1 ± 0.4. Pure maritime situations associated with
AOD< 0.15 and α(440–870)< 1 were found only in the Atlantic/Iberian Peninsula category. We found that only
33% of the data included in the Atlantic/Iberian Peninsula category (40% of all data) were associated with pure
maritime situations, indicating the significant influence of aerosols transported from the European and
African continents.

The difference betweenω(440 nm) obtained for the different aerosol categories associated with the different
aerosol source regions was very small. This result represents an advantage for satellite retrievals of AOD at
shorter wavelengths of the visible range, because ω(λ) must be assumed a priori in many satellite retrieval
algorithms. As expected, ω(λ) increased slightly with wavelength for the North African sector, which is a
typical characteristic of desert dust. However, ω(λ) values obtained for the North African sector were lower,
especially at the largest wavelengths, than those reported for pure desert dust measured close to dust source
regions and were similar to those reported for dust mixed with anthropogenic and/or biomass burning
particles. The low ω(λ) values obtained for the North African sector were probably caused by the pickup of
fine anthropogenic absorbing particles (i.e., black carbon) during dust transport over North African
urban/industrial areas, and/or to the coexistence over Alborán of desert dust and fine absorbing particles
emitted from ships or transported from urban-industrial European areas.

A sector classification method applied only to air masses transported from North Africa revealed two main
airflow patterns toward Alborán Island, one from northwestern Africa through the Atlantic Ocean (78% of
cases) and one from northeastern Africa through the Mediterranean Sea (22% of cases). Whereas air
masses from northwestern Africa passed over various urban industrial areas along the coast of Morocco,
air masses originating from northeastern Africa reached Alborán Island without traversing many
anthropogenic aerosol sources. This analysis revealed that aerosol properties, AOD, α(440–870), and ω(λ)
did not show significant differences over Alborán Island during desert dust intrusions coming from these
two North African source regions. In addition, a high number of observations during air mass transport
from these two North African source regions showed α(440–870) values higher than 0.5 values, indicating
aerosol mixtures of different sizes (dust and fine particles) for both sectors. For both North African sectors,
the increase of ω(λ) with wavelength was weaker and ω(λ) values were lower, especially at larger
wavelengths, than those typically observed for desert dust conditions derived from Sun photometer
measurements. Therefore, these results indicate a significant absorbing aerosol contribution during desert
dust events arriving from both North African sectors.

One of the important results obtained in this work was the reasonable agreement between AOD
estimated from MODIS using the ocean algorithm and AOD retrieved from Sun photometer
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measurements. The best agreement was found for cases classified as originating from the North
African sector, which were associated with large aerosol loads linked to the transport of desert mineral
dust particles. However, further analysis with more data points would improve the representativeness
of these results.
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